The effect of ultraviolet radiation on the surface deterioration of scrimber composites with different densities and levels of resin content was investigated for this paper. The surface color, gloss, roughness, and wettability of the samples were investigated to determine the extent of surface changes due to accelerated ageing. The results indicated that all scrimber composites exhibited variation in the color of their surfaces during artificial xenon light exposure. After artificial accelerated ageing, the surface contact angle and roughness were found to increase, whereas the surface gloss and surface free energy decreased. Furthermore, it was observed that the density and resin content of the scrimber composites contributed to reductions in their color variation, wettability, and roughness during weathering, which suggested that the density and resin content played important roles in determining their surface photodegradation properties. Artificial ageing resulted in the degradation of lignin and hemicellulose, thus causing severe surface characteristics.
Introduction
It is well-established that wood has been widely exploited as an engineering material. As sources of naturally grown wood have been continuously subjected to an increasing consumption, fast growing wood is expected to be employed as a substitute for building structures. Scrimber composites are oriented, fast-growing wood strand mats arranged in parallel with phenol formaldehyde (PF) resin under high pressure [1] . Owing to the compression of the wood strand mats and the bonding of the adhesive, the wood cells are densified and bonded with the adhesive [1] . The modulus of rupture and the modulus of elasticity of scrimber composites can attain values of up 201 MPa and 17.7 GPa, respectively [1] . The water resistance and mechanical properties of the scrimber could satisfy the requirements for outdoor floor covering, as specified by GB/T 30364-2013 for "bamboo scrimber flooring" [2] . There are several scrimber factories with the ability to produce 160,000 m 3 of boards yearly in China. Scrimber composites are considered to be suitable biological materials for outdoor applications and are readily available at markets in China [3] .
When wood and wood-based materials are exposed to outdoor ageing conditions, color changes, and visible cracks are bound to occur on their surface [4, 5] . Some environmental factors, such as solar radiation, moisture, oxygen, and temperature, can contribute to the degradation of wood surfaces. Among the aforementioned parameters, ultraviolet (UV) radiation has the most damaging effect on the aging of wood. Though the UV radiation constitutes only 5% of the total energy of sunlight, it can generate free radicals and destroy major wood components [4, 6] . Lignin is the most sensitive component, contributing 80-95% of the UV absorption coefficient [4, 5, 7, 8] . These ageing conditions have an influence on the outdoor service life of wood and wood-based materials.
Wood and wood-based materials' degradation rate depends on the materials' properties, such as density and moisture content. The density affects the spreading rate of the degradation and the extent of photodegradation during ageing [9] . With an increase in the resin content, the dimensional stability has been found to improve [2] . Previous research has indicated that the effectiveness of low molecular weight PF resin as a photoprotective treatment for wood can be improved by increasing the concentration of PF resin and by combining it with a water-soluble, hindered amine light stabilizer [6] . However, changes in the surface characteristics of scrimber composites during ageing have not been adequately studied. Scrimber composites can be used in different environments to adjust densities and resin content. However, the effects of density and resin content on the surface characteristics of wood scrimber composites under light have not been further investigated. Therefore, it is possible that the photostability of the surface of scrimbers might be affected by their resin content and density.
In this study, the surface properties of scrimber composites were investigated before and during artificial ageing with regard to their color, gloss, roughness, and wettability. The surface chemical changes of the scrimber composites were characterized by attenuated total reflectance (ATR) Fourier-transform infrared (FTIR) spectroscopy. These analytical techniques can provide insights into the changes of the surface characteristics of scrimber composites under UV irradiation, as well as technical support for outdoor applications.
Materials and Methods

Preparation of Scrimber Composites
Scrimbers were prepared according to the previously published literature [1] . Six-year-old poplar wood (Populus spp.) was obtained from the market and peeled into veneers of 6 mm thicknesses after debarking; it was then split along the grain direction into strand mats. Subsequently, the mats were air-dried to achieve a moisture content (MC) of 12% and impregnated with PF resin (a solid content of 20 wt.%) for approximately 3-8 min to attain the target resin content. The impregnated mats were dried in a kiln at 40 • C to obtain a 12% MC and weighed to obtain the target density. The mats were assembled along the grain direction in the mold. Hot pressing was conducted at 140 • C under 5.0 MPa for 30 min to obtain a scrimber panel (450 mm × 160 mm × 18 mm). Scrimber panels with different densities (0.85, 1.00 and 1.15 g/cm 3 ) were prepared with a 13% resin content, and panels with different levels of resin content (8%, 13% and 18%) were prepared with a density of 1.00 g/cm 3 . Six replicates were carried out for each group. All scrimber panels were conditioned in a chamber at a relative humidity of 65% ± 5% under a temperature of 20 ± 2 • C for 2 weeks before being tested.
Artificial Ageing
The as-obtained scrimbers (80 mm × 40 mm × 18 mm) were fixed in stainless steel holders and irradiated with fluorescent UV-visible light (UVB-313 lamp, 0.71 W/m 2 ) by using an accelerated UV weathering test box (Nine Rings Corp., Hangzhou, China). Accelerated weathering was carried out according to ASTM G154-12a [10] . Each cycle of simulated weathering conducted for 8 h, involved a light irradiation and condensation of 4 h at 60 and 50 • C, respectively. The samples were tested after 24, 72, 120, 168 and 216 h of exposure.
Color Determination
The surface colors of the scrimbers tested for different periods were measured with a colorimeter (CM-3600d, Konica Minolta Inc., Kyoto, Japan). The colors were expressed by L* (bright/dark), a* (red/green), and b* (yellow/blue). The total color change (∆E*) was calculated with Equation (1):
where ∆L*, ∆a*, and ∆b* represent the total changes in L*, a*, and b* during the ageing test, respectively. Six replicate measurements were performed on defined points on the sample surfaces.
Gloss Analysis
The surface gloss values of the scrimbers were recorded with a portable universal gloss meter (Bonsai Instrument Corp., Shanghai, China). The gloss analysis was carried out according to the ASTM D523 standard [11] . The percentage gloss change (∆G%) was calculated with Equation (2):
where the subscripts 0 and t denote the values of the samples before and after exposure for t (h), respectively. Six replicate measurements were performed on the sample surfaces.
Roughness Analysis
The surface roughness analysis of the scrimbers was carried out on a JB-4C precision roughness tester (Taiming Optical Instrument Corp., Shanghai, China). The data were transformed by a Gaussian filter with a cutoff wavelength of 2.5 mm. The mean surface roughness (Ra) was used as an indicator of the surface roughness. Six replicate measurements were performed on the sample surfaces.
Surface Wettability
The contact angles on the surfaces of the scrimbers were measured before and after accelerated ageing for 216 h with the use of a DSA 100 contact angle analyzer (Kruss, Hamburg, Germany). An automatic micro syringe was used to dispense drops of approximately 5 µL of the test liquid (water, formamide, and diiodomethane). The initial contact angles of the droplets were measured on each sample. The advance software of the DSA 100 analyzer was used to obtain the contact angle. The Lifshitze-van der Waals/acid-base (LW-AB) approach was used to calculate the surface free energy 
FTIR Analysis
The FTIR spectra of the air-dried scrimbers with different levels of resin content were measured before and after the accelerated ageing was conducted for 216 h by using a Nicolet iS10 spectrophotometer (Smart iTX, Thermo Fisher Scientific, Waltham, MA, USA) equipped with a diamond crystal ATR accessory. The spectra were recorded in absorbance units from 4000 to 800 cm −1 at a spectral resolution of 4 cm −1 with 64 scans. Figures 1 and 2 show the color parameter changes of the scrimbers during the artificial xenon light exposure with different densities and levels of resin content, respectively. With an increase in the ageing time, all scrimbers showed a decrease in ∆L* and an increase in ∆a*; this suggested that the scrimbers during artificial xenon light exposure turned dark and red. After 168 h of exposure, these values gradually became stable. The ∆L* and ∆a* values of the scrimbers did not significantly change as functions of the densities and resin content. An increase in the ∆b* value indicated a tendency to become yellowish, while a decrease in the value indicated a tendency to become bluish. As observed, ∆b* increased until 120 h of exposure, and it subsequently decreased with further exposure for 216 h; this suggested that the scrimbers first turned yellow and then, blue. Notably, a high density prevented the decrease in ∆b* upon UV exposure. The ∆E* value reflected the severity of ageing time; this value increased with an increase in the ageing time. There was no apparent difference in density and resin content. Rao and Chen obtained similar results after exposing bamboo-fiber-reinforced composites with different densities to artificial sunlight [13] . The decrease in lightness and the increase in the color difference of the scrimber were primarily caused by the photodegradation of lignin [14] . Photodegradation results in the formation of new lignin chromophores, which primarily are comprised of quinone-type structures and cause discoloration [15] . Figure 3 shows the ∆G% of the scrimbers during the artificial xenon light exposure. With increasing ageing time, all scrimbers showed a decrease in ∆G%. The loss in gloss for all scrimbers was very rapid for the first 24 h. The gloss changes during the accelerated ageing were correlated with the density and resin content. After 216 h of exposure, the smallest ∆G% values of −56.00% and −55.99% were observed for the scrimbers with a density of 1.15 g/cm 3 and a resin content of 18%, respectively. All samples showed a significant reduction in gloss, suggesting that the scrimbers lost their gloss after ageing. 
Results and Discussion
Color Changes
Gloss Changes
Roughness Changes
The changes in Ra of the scrimbers with different densities and levels of resin content during artificial xenon light exposure are shown in Figure 4 . With an increasing ageing time, all scrimbers showed an increase in Ra. After 216 h of exposure, the highest Ra values of 44.17 and 47.77 µm were observed for the scrimbers with a density of 0.85 g/cm 3 and a resin content of 8%, respectively. The scrimbers with a density of 1.00 g/cm 3 and a resin content of 13% showed the lowest Ra value (19.95 µm) after 216 h of irradiation. The density and resin content affected the changes in the surface roughness during the ageing process. There are several reasons for the increase in roughness after weathering. First, the surface lignin underwent degradation during the exposure treatment, and a layer of cellulose was formed on the surface [16] . Secondly, crack formation took place in the cell walls [17] . Thirdly, water accelerated the loss of the soluble lignin degradation products because the surface fibers loosened [17] . It is highly probable that moisture caused an unequal distribution of stress in the material, and this distribution resulted in surface cracks.
Surface Wettability
The initial contact angles for the scrimbers with different densities and levels of resin content are listed in Table 1 . The contact angles on the control and weathered scrimber samples were affected by the density and resin content. The contact angles increased with the increase in the density and resin content. The higher the density and resin content of the samples, the higher the contact angles of the three liquids. This result indicated a lower wettability and was in agreement with previous studies [18] . Therefore, it can be established that the density of the samples had a significant effect on their wettability. The contact angles of all liquids on the samples of the same density and resin content increased to different degrees after ageing; this suggested that the accelerated ageing significantly affected the surface wettability. The significant decrease in wettability implied a considerable reduction in hygroscopicity. These results indicated that the ageing process led to an increase in the hydrophobicity of the scrimbers, and the increase in the hydrophobicity was more for the samples with higher densities and resin content.
Surface Free Energy
The γ T S and its components are presented in Table 1 for the scrimbers before and after xenon light exposure. The γ LW S , γ AB S , and γ T S of the control scrimber and the weathered scrimber samples decreased with an increase in the density and resin content. The difference among γ LW S , γ AB S , and γ T S for the weathered samples was greater than those for the control samples of the same density and resin content. The γ LW S exhibited a predominant contribution to the γ T S , which is one of the characteristics of typical polymers [19] . It was observed that γ LW S predominantly contributed to γ T S in the case of the control scrimber; conversely, in the case of the weathered scrimber samples, γ AB S accounted for more than half of γ T S . The γ AB S referred to the interaction between hydroxyl groups of wood and the functional groups of the adhesive by forming the hydrogen bond [19] . The increase in γ AB S after the ageing process indicated a decreased possibility of interaction between the hydroxyl groups of wood [20] . The γ − S of scrimber surfaces was distinctly higher than γ + S , implying that the scrimbers were monopolar basic. The difference between the acid and base components was significant, and this was probably due to the changes in the hydrophobicity after ageing. Based on the above results, it can be observed that the ageing process increased the surface energy as well as all the energy components of the scrimbers.
FTIR Spectroscopy
The ATR-FTIR spectra of the scrimbers before and after accelerated ageing are shown in Figure 5 . The changes caused by ageing were mainly observed at 3340, 2920, 1730, 1650, 1590, 1510, 1420 and 1230 cm −1 . The intensities of the peaks at 3340 cm −1 (free -OH groups in three wood polymer components) and 2920 cm −1 (CH and CH 2 stretching in cellulose) for the scrimber samples with resin content of 13% and 8% were diminished after the accelerated ageing process. The intensity of the peak at 1730 cm −1 (ester carbonyl groups in hemicellulose) was reduced after the ageing process, indicating that the partial ester groups and polysaccharides were decomposed. The intensity of the peak at 1650 cm −1 (quinines and quinine methides in lignin) increased after ageing, thus indicating the oxidation of lignin [21] . The peaks at 1590 and 1510 cm −1 were caused by the C=C aromatic ring in the lignin; the peak at 1420 cm −1 was attributed to aromatic skeletal vibrations in the lignin and the CH deformation in cellulose. Finally, the peak at 1230 cm −1 was assigned to guaiacyl ring with C-O stretching in the lignin and hemicellulose. The intensities of these peaks significantly decreased after the accelerated ageing; this suggested that the lignin on the top surface of the scrimbers was severely damaged, which contributed to photodiscoloration. The peaks at 1320 cm −1 (crystallized cellulose I content), 1030 cm −1 (C-O stretching in cellulose), and 898 cm −1 (CH deformation in cellulose) are characteristic to cellulose. The intensities of these peaks remained almost the same after the ageing process, which indicated that ageing hardly affected the cellulose content. For the scrimbers with different levels of resin content, the intensities of peaks at 3340, 2920, 1420, 1230 and 1030 cm −1 after ageing were different. It was observed that a higher resin content in the scrimber increased its stability. The FTIR results showed that the polysaccharide content and lignin were significantly reduced after the ageing treatment, and it was found that the reduction depended on the resin content. The decrease in the brightness and the increase in the color changes of the scrimbers were predominantly caused by the photodegradation of lignin. Photodegradation resulted in the formation of novel lignin chromophores that were primarily comprised of quinone-type structures and caused discoloration [14] . In addition, the condensation of water induced the washing out of the degradation products on the material surface, and, consequently, the underlying fresh surface was further exposed [22] . This process affected the surface smoothness, which reduced the gloss and further affected the light reflection and hydrophobicity.
Conclusions
After artificial accelerated ageing, the surfaces of the scrimber panels became darker; furthermore, their colors faded, and they turned red and blue. The surface gloss decreased, and the roughness and contact angle increased; all of this suggested that the accelerated ageing process had a significant effect on the scrimber's surface properties. Our results indicate that higher density scrimber panels and ones with a higher resin content are more resistant to accelerated weathering. In summary, our approach promotes the outdoor durability of scrimber as a base material and provides technical support for outdoor applications. However, additional research on scrimbers with surface coatings is needed for a more complete evaluation of the suitability of scrimber for outdoor applications. 
